Abstract: An electrochemical method for the synthesis of complex dispersed oxide system Al 2 O 3 -Fe 2 O 3 , based on the combined aluminum and iron anodic dissolution in aqueous solution containing chloride ions, has been suggested. The phase composition and morphology of Al 2 O 3 -Fe 2 O 3 dispersed precipitate have been investigated by means of X-ray fluorescence, X-ray diffraction (XRD), and scanning electron microscopy (SEM). The influence of the electrolysis mode on the characteristics of the synthesized oxide system has been shown. It is found that the direct current (DC) mode allows us to adjust the phase correlation in the precipitate and to obtain a particle size which is two or more times smaller than the particle size of the samples synthesized by means of the alternating current (AC).
Introduction
At present, the systems based on alumina and iron oxide attract significant interest due to the creation of new ceramics and composite materials with improved functional properties. Such mixed oxide systems and materials are widely used in various fields and industries. In the field of environmental protection, these materials are used as sorbents and agents in water and wastewater treatment, for example to reduce and remove phosphate ions [1, 2] , bromate ions [3] , and other ions such as Ni 2+ , NH 4 + [2] , Cr 6+ [4] , and Hg 2+ [5] . Nanocomposites based on a mixed oxide system Al 2 O 3 -Fe 2 O 3 exhibit catalytic activity and selectivity in the oxidation and decomposition reactions of various organic pollutants [6, 7] , in the Fischer-Tropsch synthesis [8, 9] , and in technologies for producing carbon nanotubes [10, 11] .
There are several successfully realized methods for the synthesis of complex oxide system Al 2 O 3 -Fe 2 O 3 such as mechanochemical [10] and chemical methods based on precipitation from aqueous salt solution and subsequent hydrolysis of inorganic and organic derivatives of initial metals, in particular the sol-gel method [5, 7] , hydrothermal synthesis [1, 12] , a modified wet impregnation method [13] , ultrasound-assisted co-precipitation method [3] , Pechini process, and gel evaporation method [2] and others. However, the structure, composition and dispersion, and physical and physicochemical properties of the synthesized systems depend on the method of preparation thereof. Furthermore, chemical processes are often unstable and do not allow to obtain products of synthesis with reproduced and controlled characteristics. Therefore, to create materials with definite predetermined characteristics and controlled properties, it is necessary to develop more efficient approaches for preparing dispersed oxides with a certain range of dimensions and  properties. One such alternative technique is the electrochemical generation of ceramic precursors, based on the anodic dissolution [14] [15] [16] .
This method is characterized by a relatively simple equipment design and does not require the use of additional reagents. Besides, electrolysis allows us to realize the joint electrochemical oxidation of several metals of different nature. However, information on the synthesis of nanoparticles during the joint anodic dissolution of aluminum and iron is extremely insignificant, and the mechanism and regularities of their obtaining are rather an explored subject.
Therefore, the main objective of this paper is to use the process of joint aluminum and iron anodic dissolution in aqueous solution containing chloride ions to produce nanosized oxide system Al 2 O 3 -Fe 2 O 3 , and also to establish relationships between parameters of the electrochemical process and characteristics of the synthesized oxide system.
Experimental procedures
Electrochemical measurements were carried out in a conventional electrolytic cell with platinum auxiliary electrode, two Ag/AgCl reference electrodes (for simultaneous measuring of Al and Fe potential), and working electrode using a computer controlled potentiostat-galvanostat model P-301M (Elins) and electrochemical station model Zive SP2 (WonATech). The working electrode was a hybrid electrode consisting of an electrical contact between plates of 99.5% purity aluminum (ENAW-1050A) and 99.25% purity iron (ARMCO-iron). The exposed apparent area of the each working plate (Al and Fe) was 8 cm 2 , and distance between them was 20 mm. Galvanostatic anodic polarization was performed at room temprature (25 ℃) in 0.1 M NaCl (of analytical grade) solution. The test electrode was pre-treated by means of standard methods (chemical degreasing, pickling, multiple rinsing).
Synthesis of precursors of dispersed alumina-iron oxide system was performed via electrolysis in coaxial reactor of 500 mL (electrolyte volume 300 mL) by DC and AC power supply (MATRIX, model MPS-7101). The central electrode (cathode) in the coaxial reactor was designed as steel wire X10CrNiTi18-10 (in the case of DC) and aluminum wire ENAW-1050A (in the case of AC) with 2 mm diameter. Hybrid electrode was used as a soluble electrode (anode). The anode was combined of two aluminum and two iron plates (dimension of one plate working surface is 50 mm × 40 mm × 0.2 mm), soldered to the copper wire. The distance between anode and cathode was ~32 mm, current density equaled to 25 mA/cm 2 , and duration of electrolysis amounted to 2 h in each case.
For crystallization, the obtained precipitate was kept in a matrix solution for 48 h, after which it was filtered and dried at 60 ℃ for 24 h in ambient atmosphere. Afterwards, the sample was calcined at 1100 ℃ (for 2 h) in order to obtain oxides.
Phase analysis of the synthesized powders was investigated by X-ray diffraction (XRD) technique in a standard diffractometer (D2 PHASER) with monochromated Cu Kα radiation (λ = 1.78897 Å) operated at 30 kV voltage and 10 mA current. Patterns of Al 2 O 3 -Fe 2 O 3 nanopowders were recorded from 3° to 130° (in 2θ) with a 0.05° step width and a 1 s counting time per step. The identification of peaks on a diffractogram and the calculation of the elementary cell's parameters were carried out using the software complex DIFFRAC. EVA.
X-ray fluorescence analysis of the powders was carried out using a portable X-ray fluorescence spectrometer S1 TITAN with maximum voltage of 50 kV via data packet GeoChem General.
The morphology of Al 2 O 3 -Fe 2 O 3 nanopowders was performed by scanning electron microscopy (SEM) using an EVEX Mini SEM SX-3000 with elemental analysis (15 kV, 10 µА). The local chemical composition, microstructure parameters, and size of nanoparticles were also characterized by using an SEM AURIGA CrossBeam with energy dispersive spectrometry INCA X-MAX (resolution 127 eV) operated at an acceleration voltage of 20 kV. In order to increase the conductivity of the samples, they were gold-palladium (60:40) coated (15 nm) using Quorum Q150T ES.
Results and discussion
According to modern presentations [17] , at the contact of two conductors there is a transfer of electrons from the metal characterized by lower work function of an electron from a surface (A = q e Δφ, Δφ is the surface potential jump) in the metal with a larger work function. After the establishment of a thermodynamic equilibrium, contact potential difference (Volta effect) occurs (φ = ψ/q = (А М1 − А М2 )/q) in a narrow boundary layer nearby contact plane, then the level of the Fermi energy in these metals is aligned and characterized by a single value.
Under conditions of anodic polarization of the hybrid electrode consisting of two electrically contacting metals, there is an outflow of electrons from the surface thereof. The Fermi levels of the contacting metals are close to each other; however, the metal surfaces facing the electrolyte differently interact with electrolyte ions. It is connected with various sorption capacity of the surface of naturally different metals, and also with different anode and related accompanying reactions [18, 19] .
Therefore, the potentials of the contacting metals are maximally approximated compared with the potentials of individual metals in the same solution during anodic polarization. This is confirmed by the experimental data (Fig. 1) . It may be seen that at zero or low polarization, potentials of the contacting metals are different from the potentials of the individual metals, apparently, by an amount that is equivalent to galvanic potential difference of these metals [18, 19] . At the sufficiently high anodic polarization, the process of anodic dissolution (ionization) of metals occurs, accompanied by a significant change on the surface (Fig. 2) . For example, the electrochemical dissolution of aluminum in an electrolyte containing sodium chloride is characterized by erosion of the grain boundary ( Fig. 2(a) ), whereas the electrochemical dissolution of iron is accompanied by more uniform change on the surface (Fig. 2(b) ).
The oxidation rate of metals was determined by gravimetric method. For the oxidation rate V ox , the weight loss per unit of time (1 h), related to the unit of the electrode working surface (8 cm 2 ), has been taken. In order to receive an ideal joint metal dissolution, the model sodium chloride solution of average concentration (most commonly used concentration 10 2 М NaCl) was chosen. According to Fig. 3 , the values of the oxidation rate of contacting metals are aligned and become comparable in comparison with that of the individual metals. Thus, aluminum and iron contacting with each other under anodic polarization in the aqueous solution of sodium chloride can dissolve at a different rate, depending on the current between the electrodes. Because of this fact, it may be stated as the basis method for adjusting the precipitate composition. In order to obtain more significant effect and sufficient amount of the precipitate, the synthesis of precursors of dispersed oxide system was carried out in more concentrated solution of sodium chloride. It is well known that the dissolution rate is directly proportional to the concentration of the solution.
Joint product of electrochemical oxidation of aluminum and iron at DC in a solution of sodium chloride is a suspension of brown-greenish color. After drying for 2 h at 60 ℃, the precipitate's color becomes more saturated and changes to dark brown. In the case of precipitation using AC, it is light brown and after drying the precipitate's color remains unchanged.
The XRD patterns of the samples obtained by means of DC and AC electrolysis are shown in Figs. 4 and 5, respectively, and the results of XRD study as a function of heating temperature are summarized in Table 1 . As shown in Fig. 4(a) for the sample obtained by means of (Table 1) , aluminum hydroxide is formed with the structure in the percentage of bayerite 70 wt% and nordstrandite 13 wt%, and also iron oxyhydroxides are presented in the form of maghemite (9.5 wt%) and goethite (7.5 wt%). After the high temperature treatment (1100 ℃), alumina and iron oxides are presented in the powder composition with corundum α-Al 2 O 3 (53 wt%) and hematite α-Fe 2 O 3 (47 wt%) (Fig.  4(b) , Table 1 ). Precipitate formation due to the dissolution of aluminum and iron (ionization and hydration) under anodic half cycle of alternating current and its subsequent calcination at 60 ℃ (Fig. 5(a) , Table 1 ) leads to the appearance of bayerite phase (55 wt%) and aluminum oxyhydroxide with boehmite structure. Furthermore, it can also be seen the noticeable reduction of the iron oxyhydroxide content in the precipitate (1.0 wt%), compared to DC electrolysis. After heat treatment (1100 ℃) as well as at AC electrolysis, metal oxides-corundum α-Al 2 O 3 (95 wt%) and hematite α-Fe 2 O 3 (5 wt%) are formed in the precipitate (Fig. 5(b) , Table 1 ).
Of particular interest is the particle morphology of the obtained samples. From SEM photographs (Fig. 6) , it is observed that the samples consist of irregular shaped aggregates, preferably of elongated shape, formed of spherical particles at or near the forms. The samples synthesized by means of DC electrolysis and heat treated at a temperature 1100 ℃ consist of nanoparticles with sizes in the range of 35-45 to 60-75 nm. In contrast, the samples obtained by means of AC electrolysis show larger particles and are in the size range of 60-80 to 100-140 nm. Thus, oxide system obtained by means of DC electrolysis shows a more compact structure consisting of smaller (in two or more times) particles. Moreover, it is perfectly obvious that the small particle size of the obtained samples remains unchanged even after high temperature treatment. Thereby, the synthesized system may be used as precursors in the process of producing ceramics and composite materials. Therefore, the system can be synthesized to find potential use as precursors in the process of producing composite materials and ceramics.
In order to obtain more information about chemical composition, microstructure parameters, and size of mixed oxide nanoparticles, we have carried out the local analysis by using an SEM AURIGA CrossBeam with energy dispersive spectrometry. These data (Fig. 7) confirm the difference in the properties of the samples obtained under different conditions of current. In the case of the sample prepared at DC, the range of the iron content (wt%) is 7-20, while as obtained by AC is an average of 7.8. The content of aluminum in all the samples is comparable and is an average of 16-20 wt%. This is also confirmed by X-ray fluorescence analysis of the samples calcined at 1100 ℃. According to the data of elemental composition, the content of Al and Fe in the sample obtained by means of DC electrolysis and subsequent calcined at 1100 ℃ is 17.5% and 47.2%, respectively, and the sample synthesized under nonequilibrium conditions is 38.3% Al and 19.7% Fe. 
Conclusions
The mixed iron oxide-alumina nanosized system has been synthesized using anodic dissolution of the hybrid electrode Al-Fe in the 10 1 M NaCl solution and subsequent heat treatment of the precipitate. It is found that the particle size of the sample obtained by means of DC electrolysis and subsequent calcination at 1100 ℃ is two or more times smaller than the particle size of the samples synthesized via nonequilibrium electrolysis. It is shown that in the case of the precipitate obtained by means of DC, after the high temperature treatment (1100 ℃), it is possible to achieve parity phase correlation (corundum 53%, hematite 47%). In contrast, in the case of the precipitate obtained by means of AC characterized adequate amiplitude, this ratio is changed in the direction of increased alumina content. It is also found that the particle size range after the high temperature heat treatment remains in the submicron range.
